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Chronic hypoxia causes pulmonary hypertension with smooth
muscle cell proliferation and matrix deposition in the wall of the
pulmonary arterioles. We demonstrate here that hypoxia also
induces a pronounced inflammation in the lung before the struc-
tural changes of the vessel wall. The proinflammatory action of
hypoxia is mediated by the induction of distinct cytokines and
chemokines and is independent of tumor necrosis factor-a signal-
ing. We have previously proposed a crucial role for heme oxygen-
ase-1 (HO-1) in protecting cardiomyocytes from hypoxic stress, and
potent anti-inflammatory properties of HO-1 have been reported
in models of tissue injury. We thus established transgenic mice that
constitutively express HO-1 in the lung and exposed them to
chronic hypoxia. HO-1 transgenic mice were protected from the
development of both pulmonary inflammation as well as hyper-
tension and vessel wall hypertrophy induced by hypoxia. Signifi-
cantly, the hypoxic induction of proinflammatory cytokines and
chemokines was suppressed in HO-1 transgenic mice. Our findings
suggest an important protective function of enzymatic products of
HO-1 activity as inhibitors of hypoxia-induced vasoconstrictive and
proinflammatory pathways.

Acute hypoxia in the lung causes arteriolar vasoconstriction
whereas prolonged hypoxia promotes proliferation and

migration of vascular smooth muscle cells (VSMC) and extra-
cellular matrix deposition in the arterial wall, a process known as
vascular remodeling (1). These abnormalities are characteristic
of pulmonary hypertension (2). Several clinical conditions char-
acterized by lung inflammation have been linked to the devel-
opment of chronic pulmonary hypertension (3). Interestingly,
perivascular inflammatory cell infiltration as well as increased
serum levels of proinflammatory cytokines, such as IL-1b and
IL-6, have been reported in clinical cases of primary pulmonary
hypertension (4, 5). However, little attention has been given up
to now to the role of pulmonary inflammation in the pathogen-
esis of pulmonary hypertension induced by hypoxia.

Heme oxygenase (HO; EC 1.14.99.3) catalyzes the oxidation
of heme to carbon monoxide (CO) and biliverdin, which is then
converted to bilirubin by biliverdin reductase. Three isoforms of
HO have been identified: the inducible HO-1 and the constitu-
tively expressed HO-2 and HO-3 (6, 7). Our previous in vitro data
suggest that CO released by HO-1 confers protection against
vasoconstriction and vascular remodeling induced by hypoxia
(8–10). More recently, Soares et al. have suggested anti-
inflammatory properties of HO-1 in a cardiac transplantation
model, although the molecular mechanisms have not been fully
elucidated (11). Our recent in vivo data using an HO-1 null
mouse model suggest that HO-1 plays a central role in protecting
the right ventricle from hypoxic pulmonary pressure-induced
injury (12).

In the present study, we established transgenic mice that
overexpress HO-1 in the lung and exposed them to hypoxia to
investigate the effects of HO-1 activity on the development of

pulmonary hypertension. We report here that, in wild-type
animals, hypoxia caused pulmonary hypertension with vascular
remodeling as well as a striking inflammatory response in the
lung parenchyma. In contrast, overexpression of HO-1 protected
against the development of pulmonary hypertension as well as
the hypoxia-induced inflammatory cell infiltration. Significantly,
overexpression of HO-1 attenuated the hypoxic induction of
proinflammatory cytokines and chemokines in the lung. These
findings point to novel molecular mechanisms underlying the
anti-inflammatory properties of HO-1 that may be crucial for the
body’s adaptive responses to hypoxia.

Methods
Transgenic Mice. A plasmid containing a 3.7-kb genomic region
encompassing the promoter of the human surfactant protein C
(SP-C) gene was a kind gift of Jeffrey A. Whitsett (Children’s
Hospital Medical Center, Cincinnati). The SP-C promoter–
human HO-1 cDNA (13) transgene was constructed by standard
cloning methods, and microinjection was performed in FVByN
strain pronuclei by the Brigham & Women’s Hospital Core
Transgenic Mouse Facility (Boston). Founder mice were iden-
tified by Southern blot analysis of genomic DNA isolated from
mouse-tail biopsies.

Hypoxic Exposure. Six- to 8-week-old HO-1 transgenic mice and
their nontransgenic littermates or age-matched nontransgenic
mice were exposed to normobaric hypoxia (8–10% oxygen) or
normoxia for the indicated time as described previously (14).
Animals were killed by lethal injection of sodium pentobarbital.
Excised lungs and other organs were frozen in liquid nitrogen
and stored at 280°C for RNA and protein analysis. Some
animals were also subjected to hemodynamic measurements,
bronchoalveolar lavage fluid analysis, and histological analysis.

RNA Analysis. Total RNA was extracted using RNAzol B (Tel-
Test, Friendswood, TX) according to manufacturer’s instruc-
tions. Twenty to 30 mg of RNA were separated on 1.2%
agarosey6% formaldehyde gel, transferred to a nylon membrane
(MSSI, Westboro, MA), and hybridized with radiolabeled HO-1
or HO-2 cDNA probes as described previously (8). RNase
protection assay (RiboQuant, PharMingen) was performed ac-
cording to manufacturer’s instructions, and the quality of RNA
was assessed by agarose gel electrophoresis followed by ethidium
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bromide staining before each assay. Expression levels of cyto-
kines were quantified using an image analyzer (Molecular
Dynamics).

Western Blot Analysis and Immunoassay. Protein samples were
prepared by homogenization of frozen tissues in lysis buffer (10
mM TriszHCl, pH 8y140 mM NaCly5 mM EDTAy0.025%
NaN3y1% Triton X-100y1% deoxycholatey0.1% SDSy0.5 mM
PMSFy1 mg/ml leupeptiny1 mg/ml aprotinin). The samples (30
mg) were resolved on 12% SDSyPAGE, transferred onto a
PVDF membrane (Millipore), and incubated with anti-HO-1
antibody (1:1,000, SPA-896, StressGen Biotechnologies, Victo-
ria, Canada), followed by an anti-rabbit IgG horseradish perox-
idase antibody (1:12,500, Jackson ImmunoResearch). Specific
proteins were detected using ECL (Amersham Pharmacia). For
quantification of cytokines, protein samples were prepared by
homogenization of frozen tissues in the same lysis buffer for
Western analysis but without SDS. They were analyzed in
quadruplicate using a commercially available sandwich enzyme
immunoassay for macrophage inflammatory protein-2 (MIP-2)
peptide (Quantikine, R & D Systems). Values were expressed in
picograms per milliliter, and the sensitivity of the assay was 1.5
pgyml. The concentration of MIP-2 was reported in pgymg total
protein to normalize for protein recovered between the different
animals and conditions.

HO Activity Measurement. HO enzymatic activity was measured by
bilirubin generation as described previously (8). Briefly, frozen
tissues were homogenized in lysis buffer (250 mM TriszHCl, pH
7.4y150 mM NaCly250 mM sucrosey0.5 mM PMSFy1 mg/ml
leupeptiny1 mg/ml aprotinin). Microsomal fraction was obtained
by successive centrifugations (800 3 g for 10 min, 8,800 3 g for
10 min, and 105,000 3 g for 30 min) and washed with 0.15 M KCl
followed by centrifugation (105,000 3 g for 30 min). The pellet
was solubilized in 0.1 M potassium phosphate by sonication and
stored at 280°C. The reaction was carried out in the mixture
containing 2–3 mg/ml protein microsomal fractiony1 mM glu-
cose-6-phosphatey0.2 unit/ml glucose-6-phosphate dehydroge-
nasey0.8 mM NADPy0.025 mg/ml hemin at 37°C for 45 min.
After chloroform extraction, bilirubin was quantitated with a
double-beam spectrophotometer.

Hemodynamic and Ventricular Weight Measurements. Hemody-
namic and ventricular weight measurements were performed as
described (12). Briefly, mice were anesthetized with chloral
hydrate (0.54 mgyg body weight). The trachea was cannulated,
and mice were ventilated at room air (tidal volume 0.01 mlyg).
The thoracic cavity was opened, PE-50 polyethylene tubing was
inserted into the right ventricle, and right ventricular systolic
pressure (RVSP) was measured with MacLab monitoring equip-
ment. For ventricular weight measurement, hearts were excised
and atria were removed. The right ventricular free wall was
dissected, and each chamber was weighed. The ratio of right
ventricular weight to left ventricular weight plus septum [RVy
(LV 1 S)] was used as an index of right ventricular hypertrophy.

Bronchoalveolar Lavage (BAL) Fluid. Animals were anesthetized
with sodium pentobarbital after 48 h of hypoxia. BAL was
performed with PBS (1 ml). Total white cell counts were
determined by manual counting. Samples were cytocentrifuged
and stained with DiffQuick (Fisher Scientific) for differential
cell counts.

Lung Histology. Lungs were inflated, and the pulmonary artery
was perfused with 4% paraformaldehyde. Excised lungs were
fixed in 4% paraformaldehyde overnight at 4°C and embedded
in paraffin. For frozen sections, fixed samples were washed with
PBS containing 5–20% sucrose and embedded in OCT com-

pound. Frozen sections (12 mm) were used for immunostaining
with neutrophil and macrophage-specific antibodies. Immuno-
staining for HO-1 was performed in the paraffin-embedded
sections (6 mm). Sections were treated with 0.3% hydrogen
peroxide in methanol for 20 min, preincubated with 5% goat
serum, and treated with the anti-Ly-6G antibody (1:500, PharM-
ingen) for neutrophils, anti-Mac-3 antibody for macrophages (1:
500, PharMingen), or anti-HO-1 antibody (1:200, SPA 896,
StressGen Biotechnologies) for 1 h at 37°C. Next, the sections
were incubated with a biotinylated goat secondary antibody,
treated with the avidin–biotin complex (Elite ABC kit, Vector
Laboratories), and stained with diaminobenzidine tetrahydro-
chloride and hydrogen peroxide. For pulmonary vascular mor-
phometry, paraffin-embedded lung sections were stained with
hematoxylin and eosin. Images for arterioles were captured with
a microscope digital camera system (Olympus), and arterial area
was measured using an image analysis program (NIH IMAGE 1.55).
Percent wall thickness was calculated by the following formula:
Wall thickness (%) 5 areaext 2 areaintyareaext 3 100, where
areaext and areaint are the area bounded by external and internal
elastic lamina, respectively. Approximately 130 vessels of com-
parable size from the lungs of 25 different mice were estimated
(n 5 7 for nontransgenic hypoxic, n 5 5 for transgenic hypoxic,
n 5 6 for nontransgenic normoxic, and n 5 7 for transgenic
normoxic).

Statistical Analysis. All values were expressed as mean 6 SEM.
Comparison of results between different groups was performed
by one-way analysis of variance or Mann–Whitney U test using
STATVIEW, Version 4.5 (Abacus Concepts, Berkeley, CA).

Results
Generation of HO-1 Transgenic Mice. Two founder lines of trans-
genic mice harboring the human HO-1 gene under the control
of the human SP-C promoter were obtained, and the inheritance
of the transgene was confirmed by Southern blotting of genomic
DNA. Expression levels of HO-1 mRNA and protein in the lungs
from one line of transgenic mice were 4–6-fold higher than their
nontransgenic littermates, whereas no difference in HO-2 ex-
pression was detected in the lungs between transgenic and
nontransgenic control mice (Fig. 1 a and b). Furthermore, a
2.5-fold increase in HO activity was observed in the lungs of this
line as compared with nontransgenic control mice (163.3 6 15.1
vs. 60.3 6 9.4 pmolyh per mg protein, P , 0.05, six to seven mice
for each group, Mann–Whitney U test). A less significant in-
crease in levels of HO-1 protein and enzymatic activity (,2-fold)
was detected in the lungs of the second line compared with
wild-type animals. Both lines of mice were exposed to hypoxia
to determine the development of pulmonary hypertension com-
pared with their nontransgenic littermates, as described below.

Lung-Specific Expression of HO-1 Transgene. High levels of HO-1
protein were observed in the spleen, moderate levels in the liver,
and low levels in the heart and kidney by Western analysis (Fig.
1c). In all tissues, HO-1 levels were equal in both transgenic
(Tg1) and nontransgenic (Tg2) control mice, verifying that
overexpression of HO-1 was successfully targeted to the lung.
Because of the tissue specificity of the SP-C promoter (15, 16),
immunostaining for HO-1 was observed in the alveolar cells of
the lungs of transgenic mice, shown here for the high expressor
line (Fig. 2 a and b), whereas no immunostaining was detected
in the sections treated with control preimmune rabbit serum
(Fig. 2c). In contrast, little or no HO-1 specific immunostaining
was observed in the lungs of nontransgenic control mice (Fig.
2d), consistent with the low levels of endogenous HO-1 expres-
sion detected through Western blot analysis (Fig. 1b). No
structural abnormalities were noted in the lungs of transgenic
mice up to the age of 2 years (data not shown).
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Development of Hypoxia-Induced Pulmonary Hypertension: Time
Course and Dose-Dependent Protection by HO-1. Right ventricular
hypertrophy (RVH) is a hallmark of pulmonary hypertension
resulting from RV pressure overload. The ratio of right ventricle
weight to left ventricle plus septum weight [RVy(LV 1 S)] was
measured to assess the development of RVH upon exposure of
nontransgenic mice to hypoxia (8–10% O2 environment) for
varying periods of time. RVy(LV 1 S) was significantly in-
creased as early as 48 h after hypoxia, and RVH was developed
in a time-dependent manner peaking at 2 weeks (Fig. 3a). Under
these conditions, endogenous HO-1 in nontransgenic mouse
lungs was minimally increased after 6 h of hypoxia and remained
significantly lower compared with lungs of transgenic mice for up
to 2 weeks of hypoxic exposure (data not shown). HO-1 protein
levels in transgenic mouse lungs were not affected by the hypoxic
exposure and remained constitutively elevated (4.6-fold above
nontransgenic controls).

To determine whether the overexpression of HO-1 in the lung

protects against the development of pulmonary hypertension,
transgenic and nontransgenic mice from both founder lines were
exposed to hypoxia (8–10%) for 3 weeks, and RVy(LV 1 S) was
measured. Under normoxia, there was no difference in RVy(LV
1 S) between transgenic and nontransgenic control mice (Fig.
3b). After hypoxic exposure, a significant increase in RVy(LV 1
S) was observed in nontransgenic mice, which was suppressed in
transgenic mice. Heterozygous mice from line 1 and homozygous
mice from line 2 whose lung HO-1 transgene levels were
comparable (#2-fold above controls) demonstrated intermedi-
ate protection with mild RVH. RVy(LV 1 S) was higher than
normoxic mice but significantly lower than nontransgenic hy-
poxic control mice (Fig. 3b). This protection against pulmonary
hypertension and secondary RVH persisted in transgenic mice
up to 8 weeks of hypoxic exposure (data not shown).

RVSP was measured after 2 and 3 weeks of hypoxia and
compared between transgenic and nontransgenic controls. Un-
der normoxia, there was no difference in RVSP measurements;
however, after hypoxic exposure, a significant increase in RVSP
was observed in nontransgenic mice compared with normoxic
mice or with transgenic hypoxic mice (Fig. 4a). Although
intermediate pressures were noted in transgenic hypoxic mice,
they remained significantly elevated above the normoxic con-
trols (P , 0.01). Morphometric analysis of the pulmonary

Fig. 1. Expression of HO-1 in transgenic mice. (a) Northern blot analysis for
HO-1 and HO-2. HO-1 (Top) and HO-2 mRNA levels (Middle) were examined in
total RNA (30 mg) extracted from the lungs of HO-1 transgenic mice (Tg) or
nontransgenic littermates (non-Tg). b-actin mRNA levels were examined to
confirm equal loading (Bottom). This blot is representative of three indepen-
dent experiments, six mice per group. (b) Western blot analysis for HO-1 in the
lung. Lung whole-cell lysates (30 mg) from five to six HO-1 Tg and a corre-
sponding number of non-Tg littermates were analyzed for HO-1 protein levels
using an anti-HO-1 antibody. The same blot was reprobed with an anti-b-actin
antibody to verify equal loading (Lower). Note that the anti-HO-1 antibody
used here is raised against the N-terminal amino acid sequence of the protein,
a region conserved between mouse and human HO-1. (c) Western blot analysis
for HO-1 in nonlung tissues. Tissue distribution of HO-1 was analyzed in whole
cell lysates (30 mg) of heart, liver, spleen, and kidney from Tg mice (1) or
non-Tg littermates (2). This blot represents identical patterns of expression
observed in three Tg and three non-Tg animals.

Fig. 2. Immunostaining for HO-1 in the lung of Tg mice. Paraffin-embedded
sections of the lungs were analyzed for HO-1 expression by immunohisto-
chemistry. (a) High levels of HO-1 expression are evident in the lung of Tg mice
(brown, arrow). (b) High power photograph of the rectangle area indicated in
a. (c) The section adjacent to that in a incubated with preimmune rabbit
serum. (d) Absence of detectable HO-1 immunoreactivity in the lung of non-Tg
mice. Original magnification: 3100 for a, c, and d and 3400 for b. Staining was
performed in lung sections of four Tg and four non-Tg control mice.

Fig. 3. Time course of hypoxic right ventricular hypertrophy: protection by
HO-1 overexpression. (a) Non-Tg mice were exposed to hypoxia (8–10% O2)
for 18 h, 5 days (d), or 2–3 weeks (w). Development of RVH after hypoxic
exposure was determined by the RVy(LV 1 S) ratio as described in Materials
and Methods. *, P , 0.01, **, P , 0.001 vs. time point 0 (n 5 6 for each group,
one-way ANOVA). (b) Tg homozygous, heterozygous, and non-Tg control
mice from founder 1 and homozygous Tg and non-Tg mice from line 2 were
exposed to normoxia or hypoxia for 3 weeks. Under normoxia, line 1 homozy-
gous Tg (n 5 19), heterozygous Tg (n 5 6), and non-Tg controls (n 5 14) as well
as line 2 homozygous Tg (n 5 5) or non-Tg (n 5 5) did not differ in baseline
RVy(LV 1 S) (P . 0.05). After hypoxic exposure, line 1 homozygous Tg (n 5 26)
and heterozygous Tg mice (n 5 8) show significant reduction in RVy(LV 1 S) as
compared with non-Tg controls (n 5 22). Similarly, homozygous line 2 Tg mice
(n 5 5) manifest significantly lower RVy(LV 1 S) values as compared with their
non-Tg controls (n 5 5) exposed to hypoxia. (*, P , 0.05, **, P , 0.005 vs.
hypoxic controls; †P , 0.01 vs. normoxic controls, Mann–Whitney U test). Data
are mean 6 SEM.
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vasculature revealed no difference in vessel wall architecture
between transgenic and nontransgenic animals under normoxia
(23% vs. 26% medial wall thickness, respectively, P . 0.05). Two
weeks after hypoxic exposure, nontransgenic mice demonstrated
a significant increase in the wall thickness of pulmonary arte-
rioles, which was completely inhibited in hypoxic transgenic mice
(39% vs. 26%, P , 0.05) (Fig. 4b). Combined, these findings
indicate that overexpression of HO-1 decreases active vasocon-
striction and prevents pulmonary vascular remodeling with
RVH. It is noted that transgenic and nontransgenic control mice
did not differ in hematocrits either at baseline or after hypoxic
exposure. Hematocrits were significantly elevated in both groups
of mice after hypoxic exposure (data not shown).

Overexpression of HO-1 Protects Against Pulmonary Inflammation
Induced by Hypoxia. In addition to vascular remodeling, we
particularly noted that hypoxic lungs exhibited hypercellularity
compared with normoxic lungs of nontransgenic mice. This
difference was more evident at early time points (48 h) of
hypoxic exposure and was significantly diminished after 2 weeks
of hypoxia. Interestingly, this cellular infiltration was suppressed
in the hypoxic lungs of transgenic mice. To determine whether
the protective effects of HO-1 involve anti-inflammatory mech-
anisms, we performed immunohistochemical staining for neu-

trophils and macrophages in lungs from mice exposed to hypoxia
for 48 h. A prominent infiltration of neutrophils was observed in
the hypoxic lungs of nontransgenic mice, whereas the minimal
staining detected in hypoxic transgenic mice was comparable
with that in normoxic control lungs (Fig. 5a, Left). Although
macrophages were observed in the normoxic lung, hypoxia
induced further accumulation of macrophages in the lungs of
nontransgenic control mice but not in transgenic mice (Fig. 5a,
Right). These observations were supported by BAL fluid anal-
ysis. The number of neutrophils and macrophages in BAL fluid
was significantly increased after hypoxic exposure in nontrans-
genic mice, whereas this increase was suppressed in transgenic
mice under hypoxia (Fig. 5b), suggesting that HO-1 overexpres-
sion protects against the pulmonary inflammation induced by
hypoxia. We have previously reported that mice deficient in
HO-1 had a maladaptive response to chronic hypoxia (5–7-week
exposure to 8–10% O2) with right ventricular dilatation and

Fig. 4. HO-1 overexpressing mice are protected from pulmonary hyperten-
sion induced by hypoxia. (a) RVSP measurements were performed in Tg and
non-Tg mice exposed to 2–3 weeks of hypoxia. RVSP did not differ between Tg
(n 5 13) and non-Tg (n 5 8) mice at baseline normoxic conditions. Under
hypoxia, Tg mice (n 5 25) had significantly lower pressure measurements than
non-Tg controls (n 5 8) (*, P , 0.05, Mann–Whitney U test). Data are means 6
SEM. (b) Hematoxylin and eosin staining of paraffin-embedded lung sections
of Tg (Right) or non-Tg control mice (Left) exposed to hypoxia for 2–3 weeks.
Original magnification: 3400. Percent wall thickness in arterioles of compa-
rable size was estimated based on analysis of area as described in Materials
and Methods (lower graph). Significant reduction in the wall thickness is
observed in Tg mice as compared with non-Tg control. Data are expressed as
mean 6 SEM (n 5 5–7). *, P , 0.05 vs. non-Tg control (Mann–Whitney U test).

Fig. 5. HO-1 overexpressing mice are protected against pulmonary inflam-
mation induced by hypoxia. (a) Immunostaining for neutrophils and macro-
phages. Frozen lung sections from Tg or non-Tg control mice that had been
exposed to hypoxia for 48 h were stained with anti-Ly-6G antibody for
neutrophils and anti-Mac-3 antibody for macrophages (brown staining). Orig-
inal magnification: 3100. (b) The number of neutrophils and macrophages in
BAL fluid after hypoxia. Differential cell counts for neutrophils (Neut, Upper)
and macrophages (Mac, Lower) were performed in the BAL fluid of Tg (closed
bars) and non-Tg control mice (open bars) after 48 h of hypoxia. Data are
expressed as mean 6 SEM (n 5 4). *, P , 0.05 vs. normoxic non-Tg control. †,
P , 0.05 vs. hypoxic non-Tg control (Mann–Whitney U test).
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infarction (12). Of interest, the lungs of these mice manifested
sustained hypercellularity with inflammatory cell infiltrates even
after several weeks of hypoxia compared with normoxic null
mice or wild-type hypoxic mice (unpublished observations).

HO-1 Overexpression Inhibits Induction of Proinflammatory Cytokines
and Chemokines Under Hypoxia. The recruitment of leukocytes is
regulated by the action of cytokines and chemokines (17). These
mediators also function as potent mitogens and chemoattrac-
tants for VSMC, resulting in vascular remodeling (18, 19). To
investigate mechanisms underlying the anti-inflammatory prop-
erties of HO-1, we examined cytokine expression in the hypoxic
lung. We found that the expressions of IL-1b, IL-6, monocyte
chemoattractant protein (MCP)-1, and macrophage inflamma-
tory protein (MIP)-2, a functional murine homologue of human
IL-8, were significantly elevated in the lungs of nontransgenic
mice in response to hypoxia, with a peak at 48 h after exposure
(Fig. 6, non-Tg). In contrast, other proinflammatory cytokines,
such as tumor necrosis factor (TNF)a, IFN-g, and IL-1a, and
chemokines such as RANTES were unaffected or only minimally
affected (Fig. 6 and data not shown). Anti-inflammatory medi-
ators, such as IL-10, were also unaffected (data not shown).
More importantly, the induction of IL-1b, IL-6, MCP-1, and
MIP-2 were significantly suppressed in the hypoxic lungs of
transgenic mice (Fig. 6, Tg), suggesting that inhibition of these
cytokines is involved in the mechanisms mediating the anti-
inflammatory effects of HO-1. Along with RNA analysis, we
correlated protein levels of MIP-2 in the lungs of these trans-
genic and nontransgenic hypoxic and normoxic mice. MIP-2
protein was undetectable at baseline in all normoxic transgenic
and nontransgenic lungs. After 48 h and 5 days of hypoxia,
averages of 3.75 and 2.9 pg of MIP-2ymg total protein, respec-
tively, were detected in nontransgenic lungs. MIP-2 protein
levels remained undetectable in transgenic hypoxic lungs both at
48 h and 5 days.

Discussion
Chronic hypoxia is well known to cause hypertension and
vascular remodeling in the pulmonary vasculature in various
animal models of human pathophysiology. Shorter, more pro-
nounced hypoxic exposure (6% O2 for 4–8 h) leads to induction
of tissue factor and results in fibrin deposition and thrombosis in

the pulmonary vasculature of mice (20). In the present study, we
observed that less severe hypoxia (8–10% O2 for 48 h to 5 days)
lead to a marked induction of proinflammatory cytokines and
chemokines in association with pulmonary inflammation that
preceded the development of pulmonary hypertension. More-
over, we demonstrated that overexpression of HO-1 in the lung
inhibited cytokine gene expression and protected against both
pulmonary inflammation as well as pulmonary hypertension
induced by hypoxia.

In the process of pulmonary inflammation, cytokines are
produced and amplified manyfold by target cells, such as mono-
cytes, endothelial cells, and epithelial cells, leading to the
recruitment of leukocytes that release a variety of pro-oxidants
and proteolytic enzymes capable of causing vasoconstriction and
lung injury (17, 21). In addition, proinflammatory cytokines and
chemokines directly induce changes in vascular permeability and
thrombogenicity (22, 23), processes implicated in the pathogen-
esis of pulmonary hypertension. These cytokines were also
reported to promote proliferation and migration of VSMC in
vitro (18, 19), and disruption of the CCR2 chemokine receptor
gene decreased vascular remodeling in a model of atheroscle-
rosis in vivo (24). Moreover, it was demonstrated that adminis-
tration of an IL-1 receptor antagonist or anti-MCP-1 antibody
protected against monocrotaline-induced pulmonary hyperten-
sion (25, 26). Together with our data of pronounced cytokine
and chemokine induction in hypoxic pulmonary hypertension,
these findings suggest a crucial role for proinflammatory cyto-
kines and chemokines in the development of pulmonary vascular
remodeling. Cytokine induction and cellular infiltration peak at
48 h and decrease by 2 weeks of hypoxia, yet RVH and vascular
remodeling persist for several weeks of continued hypoxia. It is
possible that these cytokines initiate a cascade of events leading
to VSMC proliferation that is later amplified by the release of
vasoactive mediators and growth factors that alter vessel wall
structure and function. For example, the initial injury and loss of
endothelial barrier function can lead to extravasation of serum
and activation of endogenous elastolytic activity from vascular
smooth muscle cells (27, 28). Increased serine elastase activity
results in proteolytic degradation of extracellular matrix and the
release of matrix-bound growth factors amplifying smooth mus-
cle cell proliferation and remodeling of the pulmonary arterioles
(27, 29). Indeed, treatment of rats with elastase inhibitors
completely reversed malignant pulmonary hypertension induced
by monocrotaline (30). In this report, we demonstrate a pro-
nounced neutrophil and macrophage infiltration in the lungs of
hypoxic mice that is linked with pulmonary hypertension. It is
possible that neutrophil elastase as well as other proteolytic
enzymes may trigger similar molecular events in the hypoxic
setting. Future studies will determine whether inhibition
of inf lammation can prevent hypoxia-induced pulmonary
hypertension.

The mechanism of protection provided by HO-1 may depend
on its enzymatic product, CO, to function as a vasodilator against
vasoconstriction and bilirubin as an antioxidant against the
reactive oxygen species that are generated under hypoxic con-
ditions (31). Because the recruitment of leukocytes was greatly
suppressed in the hypoxic lungs of HO-1 transgenic mice,
inhibition of cytokine induction may be another important
mechanism by which HO-1 activity imparts protection against
the development of pulmonary hypertension induced by hypoxia.
In two recent studies, HO-1 activity and, in particular, CO, were
reported to have potent anti-inflammatory properties in models
of vascular injury (11, 32). The anti-inflammatory properties of
CO were mediated by the inhibition of proinflammatory cyto-
kines, TNFa, IL1-b, and MIP-1b, in the model of lipopolysac-
charide-induced systemic inflammation (32). HO-1 was also
shown to have protective effects in hyperoxic lung injury as well
as ischemia–reperfusion in the liver, two well known models of

Fig. 6. HO-1 overexpression inhibits hypoxic induction of cytokines in the
lung. HO-1 Tg and non-Tg control mice were exposed to hypoxia (8–10% O2)
for the times indicated [48 h, 5 days (d), or 2 weeks (w)]. After exposure, total
lung RNA (10 mg) was examined for cytokine expression by RNase protection
assay. Levels of L32, a ribosomal protein mRNA, were unaffected by hypoxia
and served as an internal control. Expression of TNFa 3 h after hypoxia in
non-Tg mice is also shown (Lower). Similar results were observed in four
independent experiments.
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inflammation-mediated injury (33, 34). In this report, we dem-
onstrate a previously unrecognized inflammatory response in-
duced by hypoxia. The mechanisms underlying the induction of
cytokines by hypoxia are most likely different from other models
of systemic or pulmonary inflammation. For example, in endo-
toxin-induced pulmonary inflammation models, early response
cytokines, such as TNFa, are rapidly induced (within 6 h), and
this early response leads to the activation of cytokine networks
including the induction of IL-6, MCP-1, and MIP-2 (21). In
contrast, induction of TNFa was not detected in the lungs 3, 6,
and 18 h after hypoxia (Fig. 6 and data not shown), indicating
that the hypoxic induction of IL-6, MCP-1, and MIP-2 is not
secondary to that of this early response cytokine. Similarly, IL-6
has been suggested to function as an anti-inflammatory cytokine
in endotoxin-induced pulmonary inflammation because IL-6
deficiency resulted in an increase in proinflammatory cytokines,
including TNFa and IL-1b (35). However, despite reduced IL-6
expression in the hypoxic lungs of transgenic mice, we did not
observe increased expression of other proinflammatory cyto-
kines. In addition, treatment with lipopolysaccharide induced
expression of the anti-inflammatory cytokine IL-10, whereas we

did not find increased IL-10 expression under hypoxia. Hypoxia,
therefore, induces a network of cytokines and chemokines that
is distinct from other inflammatory pathways such as those
induced by lipopolysaccharide.

In summary, we demonstrate that hypoxia induced an early
inflammatory response in the lung before the development of
pulmonary hypertension. HO-1 overexpression effectively inhib-
ited pulmonary inflammation and prevented pulmonary hyper-
tension induced by hypoxia. HO-1 may be an important thera-
peutic target to inhibit hypoxia-induced cytokine signaling and
prevent the inflammatory pathways that may lead to pulmonary
hypertension.
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